The damaging effects of illumination on artwork are well known. Art conservation requires protection from both vandalism and radiation damage. Glass is an appropriate material for these requirements but it partially transmits UV and IR radiation. An optical coating on glass that eliminates UV and IR radiation coming from natural or artificial illumination, is proposed. This coated glass, positioned in front of the artwork, is also able to reduce reflection without altering the appearance or colour.
Introduction
One of the main requirements in the conservation of artworks is their protection from damage caused by environmental conditions. Thermal and lighting conditions are usually controlled inside exposition rooms and, as far as lighting is concerned, the most widely used approach consists essentially of the reduction of light exposure (intensity and time) to avoid colours fading. Additional protection is given by glass panes positioned in front of the pieces of art: in addition to protecting against vandalism, they cut down part of the damaging UV radiation. The only disadvantage is that uncoated glass panes reflect light and this unfortunately affects the observer's view.
Damaging tests have demonstrated [1] that it is not sufficient to eliminate UV radiation below 380 nm but that radiation at higher wavelengths is also responsible for colour fading. Therefore, part of the visible radiation should also be reduced, without modifying the colour rendering. Moreover, IR radiation, that is not used for vision, should be eliminated because this also causes damage. 3 Deceased on October 2, 2002.
The damage factor
Natural or artificial lighting inside a museum can cause the colour of artwork to fade; this has been quantified by the colorimetric parameter E [2] , the colour difference obtained by comparing the colour before and after irradiation.
The effective damaging irradiance E dm on artwork exposed to an illuminance E is given by
where K m = 683 lm W −1 is the maximum luminous efficacy [2] , λ is the wavelength, S λ is the spectral power distribution of the illuminating source, τ (λ) is the spectral transmittance of the glass pane positioned in front of the artwork, V (λ) is the spectral efficiency of the human eye [2] and s d f (λ) is the CIE damage function [3] .
The integration range for the two integrals considered in equation (1) corresponds to the spectral range for which V (λ) and s d f (λ) are respectively different from zero. Therefore, the spectral range is 380-780 nm for the first integral and in the case of the second integral, 300 nm is the lower wavelength of the integration range while the higher wavelength depends on the irradiated material. The following sources with well defined emission spectra S λ have been considered in [3] : daylight (standard illuminant D65 [2] ), incandescent lamp (standard illuminant A), halogen incandescent lamp (lamp with T c = 3200 K) and fluorescent lamp (colour 'white' or colour 'warm'). The highest level of colour fading (greatest values for E) was obtained with daylight while artificial light sources did not show remarkable differences in damage effects.
The CIE damage function, s d f (λ), depends on the material used in the artwork (water colours, oil paint, paper, textile materials, etc). However, in all cases it is considered to be exponential behaviour [3] 
where the wavelength is expressed in nanometres. The CIE damage function is normalized to give s d f (300 nm) = 1. For different materials, various values of the parameter b should be considered. However, for most materials b = 0.012 [3] . The CIE damage function replaces the former Krochmann damage function K d f (figure 1) as reported in the first edition of ISO 9050 [4] .
As a consequence of equation (1), to reduce the effective damaging irradiance E dm on the artwork, the spectral transmittance τ (λ) of the protective glass pane should assume negligible values in the spectral range where s d f = 0. But, as can be seen in figure 1 , this should mean the use of a coloured glass pane which would slightly alter the 'colour' of the artwork. Therefore, a compromise is necessary, i.e. using a coated glass pane which absorbs all the UV radiation and a portion of visible radiation but is not perceived by the human eye to change colours (wavelengths lower than 420 nm).
The updated version of ISO 9050 [4] , an international standard which considers glazing for building applications, defines a CIE damage factor, τ d f , which can be used to evaluate the level of protection supplied by a glass pane over artwork with respect to daylight
where s d f is the CIE damage function with b = 0.012 and S λ is the relative spectral distribution of the solar radiation. The tabulated data for S λ λ are given in ISO 9050 [4] . 
The ideal value for the damage factor τ d f would be zero but radiation in the range of 420-690 nm cannot be eliminated because it is necessary for vision. The glass transmittance should be quite high for 420 nm < λ < 690 nm, however, a light transmittance value in the order of 80% is acceptable because the human eye easily adapts itself to the grey level, thus still allowing a good view of the artwork. In these conditions (i.e. τ (λ) = 80% in the range 420 nm < λ < 690 nm) the damage factor, from equation (3), will be τ d f = 46.4%. This can be considered as a goal value for art applications because lower values cannot be reached without obscuring vision.
Protective coatings
Natural and artificial light sources, currently in use inside museums and galleries, have a radiation spectrum that contains a wide range of wavelengths (from 280 to 2500 nm).
Some plastic sheets that are commercially available are able to block the UV radiation when applied to a glass pane. Figure 2 shows the transmittance and reflectance curves, in the UV-visible range of a grey plastic sheet: its transmittance is null for wavelengths lower than 380 nm and practically constant in the visible range. The CIE damage factor and the luminous parameters obtained from the τ (λ) and ρ(λ) curves for two plastic sheets produced by different manufacturers are reported in table 1. The light transmittance, τ V , and light reflectance, ρ V , were evaluated following the procedures established by ISO 9050 [4] .
The high values obtained for τ d f are due to the fact that the CIE damage function is not negligible in the 500-600 nm range (figure 1) where the spectral solar radiation has its maximum values but, they are also higher than the reference value, as defined above, because the spectral transmittance of the examined plastic sheets is not null in the 380-420 nm range (figure 2). In addition the light reflectance of both [7] . plastic sheets is higher than the light reflectance of a ordinary clear glass pane, 4-6 mm thick, which is of the order of 8%. Moreover, the spectral transmittance assumes high values also in the NIR range (of the same order of magnitude as the ones in the visible range). Therefore the artwork is not properly protected from damage due to IR radiation emitted by natural or artificial light sources. There are some products on the market, not intended for artwork protection but used as glazing for building applications, where multilayer coatings deposited on glass are able to reflect the IR radiation still preserving a good transmission in the visible range, but they typically introduce colour alterations in transmission and cut only part of the UV radiation.
The analysis of existing products leads to the conclusion that an appropriately coated glass should be designed for artwork protection and optimized viewing.
A multilayer optical coating on glass can cut UV and IR radiation if suitable film materials are used and, if the effect of optical interference is combined with the material's intrinsic properties, then a high level of transparency in the visible field and an optimized colour rendering can be achieved. The purpose of the proposed coating is to obtain all these effects simultaneously.
To block the damaging radiation, materials with UV absorption properties have to be selected while with respects to the IR range it is possible to take advantage of the properties of transparent conducting oxides (TCOs). In fact, this class of materials reflects the IR radiation while still maintaining a high transparency in the visible field. The advantage of using optical interference, in addition to material absorption, consists of the possibility of reducing the glass's visible reflection properties [5] . This reduction should improve vision, without perturbing the colour of the artwork. TCOs, as fluorine doped tin oxides (SnO 2 :F) or indium tin oxides (ITO), have been well known for many years and are continuously investigated [6] [7] [8] because their properties strongly depends on the film deposition conditions. Therefore depending on the application, the TCOs' optical or electrical properties that are of greatest interest can be selected and adjusted to each purpose. For the proposed application the electrical properties are of minor interest and, from an optical point of view, the cutting-edge wavelength in the near IR should be as short as possible (700-800 nm) to eliminate any radiation that is not useful for vision and potentially dangerous for the artwork. In figure 3 an example of different transmittance/reflectance curves obtainable with ITO layers is reported [7] . The thickness of the transparent conductive layer needed to obtain satisfactory IR rejection is of the order of some hundreds of nanometres and creates oscillations of the transmittance/reflectance curve in the visible region as shown in figures 4(a), (b) where the calculated performance of a typical ITO film on glass 350 nm thick is reported. This ITO film [8] was chosen as an example for the calculations but, for the final coating, a film with a shorter IR cutting edge will be preferred.
In the artwork application the part of the curve in the range of 420-690 nm should be flat for preserving the colour; to this end more layers can be added on top of the first ITO layer to reduce reflection and 'flatten' it visually. A possible coating design is reported in figures 5(a) and (b) where only one layer or three oxide layers are added to the first ITO layer, respectively. In the first case the overlayer is a 90 nm thick silica film (total coating thickness 440 nm), in the second example the multilayer structure contains four layers of ITO and silica where each layer is recalculated (total coating thickness 585 nm). The performance could be further improved by adding more layers but a compromise should be reached because, from a manufacturing point of view, the lower the number of layers the better. The optical coating design should also maintain its performance in the visible spectrum at different incidence angles. The coating of figure 5(a), even with only two layers, shows a good performance on the colour rendering as illustrated in figure 6 , where the CIE diagram for the coating colour as regards transmittance and reflectance is reported in (a) and the same diagram obtained at oblique incidence with an angle of 45
• in (b). The colour coordinates relative to the coating transmittance are practically coincident with the illuminant (D65). As far as reflectance is concerned, the performance could be further improved, however, it should be noted that the reflected intensity for this coating has an average value of 1.5%.
With a multilayer coating of eight alternated layers, the reflectance curve in the visible spectrum (420-690 nm) is practically flat and the value of reflectance is below 1% while the transmittance remains quite high. The next step consists of substituting some of the ITO layers with a high-index film material, having a similar refractive index but able to absorb the radiation below 400 nm. There are many materials with high absorption levels in the UV and therefore this step will not introduce significant changes in the coating structure if a proper refractive index is found. The final multilayer optical coating is obtained by optimizing a merit function [5] which combines four parameters (UV low transmission, IR low transmission, visible low reflectance, high colour rendering) by introducing specific weighting factors.
Conclusions
Multilayer coatings can be successfully used in the design of a coated glass that is able to protect artwork from the effect of all radiation that is not needed for vision. This protection is currently achieved either by reducing the illumination time and intensity or by selecting the illumination sources. In the case of natural illumination this means replacing the museum windows, which is not always possible (e.g. for historical buildings) whereas in the case of artificial illumination it means S155 using certain lighting that is not always done for esthetical reasons. On the other hand, glass is commonly used to protect artwork from vandalism and thus it would be easy to introduce a new type of coated glass to protect and conserve the artwork that would be acceptable to the observer. It is important to note that to be acceptable, this coating should not only protect the artwork but also possibly improve the view compared to common glass. That means eliminating the reflection effects of common glass panes that disturb the observer viewing. This result can be obtained with the same multilayer coating, designed for protection, without altering the artwork colour that is an essential feature especially in the case of paintings.
